The jet-cooled coinage metal triatomic molecules Cu, Ag, Cu, Au, and CuAgAu have been investigated using resonant two-photon ionization spectroscopy. One band system, labeled as " the 2-x system, has been observed for each species, with origin bands at 13 188, 17 2 17, and 17 470 cm -I, respectively. Vibrational progressions have been assigned and vibrational constants have been extracted using a linear least-squares fitting procedure. For Cu, Ag, 47 vibrational bands have been assigned within the '2-2 system. The upper states of these bands derive from combinations of two symmetric (a, ) and one antisymmetric (b, ) mode in the C,, point group. For the 2-2 system of Cu,Au, only seven vibrational bands have been observed, all occurring within a 500 cm -' range. Lifetime measurements for the observed vibrational levels support the possibility that predissociation may be occurring in the 1 excited state of Cu,Au and this may be limiting the number of vibrational levels observed within this state. Finally, in the case of CuAgAu, 92 vibrational bands have been assigned, corresponding to excitations of three totally symmetric (a') vibrational modes in the C, point group. For this , molecule, a complete set-of vibrational frequencies (wi ) and anharmonicities (n, ) have been obtained for the excited 1 state. In addition, the observation of weak hot bands in the spectrum permits the three vibrational modes of the X ground state to be characterized by Y, = 222.83 f 0.29, v2 = 153.27 + 0.22, and Ye = 103.90 + 0.28 cm-' for 63Cu'07Ag'97Au ( la error limits).
lNTRODiEllON
A major unsettled question in physical chemistry concerns the electronic structure of metallic systems as a function of size. Atoms, on the one hand, are generally well understood and can be calculated accurately using the methods of ab initio quantum chemistry. Infinite metallic solids, on the other hand, are rather well understood through the methods of solid state physics, although perhaps not quite to the same degree as are isolated atoms. The intermediate range in size from the isolated atom to the bulk infinite solid, however, is by comparison characterized very poorly. As a result, major efforts in many research groups are currently directed toward understanding the development of bulk metallic properties as one moves from the isolated metal atom to the bulk infinite solid. The fundamental questions concern how the geometrical structure of a small cluster evolves into the stable crystal structures of the bulk, how the electronic energy levels of a small cluster evolve into the band structure of the solid, and how the characteristic reactions of the surface of the bulk solid phase are modified as one moves to smaller clusters.
Among the various experimental methods used to probe the properties of metal clusters are photoelectron spectroscopy of mass-selected metal cluster anions, '-lo photofragmentation spectroscopy of mass-selected metal cluster cations,"-I6 measurements of ionization potentials and electron affinities as functions of cluster size,17-20 measurements of the reactivity and reaction equilibria for metal clusters interacting with various ligating molecules,"'-24 elec-*) Kodak Fellow.
tron-spin resonance (ESR) ,25-29 and resonance Raman spectroscopy 30*3 ' of matrix-isolated metal clusters, resonant two-photon ionization spectroscopy of metal dimers and trimers,32-36 and resonant two-photon ionization photoelectron spectroscopy of metal dimers.37P38 Some of these techniques are extremely well suited for the study of metallic properties as functions of cluster size, but-in most cases, the more detailed spectroscopic probes have been limited to diatomic, or possibly triatomic systems.
Only a few triatomic metals have been investigated spectroscopically with any sort of success in the gas phase. To our knowledge, the only examples where vibrational structure has been resolved and analyzed are the alkali clusters Li, ,39 Na,,4Mg and Li,Na, -X,50P51 the coinage metal (pseudoalkali) clusters Cu, and Ag, ,J6 thepblock metal A13,57 and the transition metal cluster Ni, .'* The attention received by the alkali and: coinage metal trimers stems in part from the relatively simple electronic structure of these species, which possess only one valence electron per atom in their ground electronic states. In addition to this relatively simple electronic structure, the low boiling points of the alkali metals permit relatively high pressures of alkali atoms to be generated in an alkali oven and this has contributed substantially to the relative ease of spectroscopic studies of the alkali trimers. Even within the alkali and coinage metals, however, many &iatomic species still remain spectroscopic mysteries.
The homonuclear alkali and coinage metal trimers are all expected to possess ground electronic states of 2 'E' h the D,, point group, deriving from the molecular orbital configuration ai'e". Here both the a; and e' orbitals consist primarily of linear combinations of the valence ns atomic orbitals on the three metal centers. Of course, the2 2E' state is orbitally degenerate and is therefore subject to a JahnTeller distortion which lowers the symmetry from D,, to C,, . This distortion breaks the degeneracy of the 2 2E ' state into 2A 1 and 'B, states in C,, symmetry. In some of the alkali and coinage metal homonuclear trimers, the energy stabilization obtained by this distortion is thought to be minor, leading to molecules which undergo pseudorotation readily. In addition, many of the excited electronic states of these species are also orbitally degenerate 2E ' or % II states at the D,, geometry, and these are subject to Jahn-Teller distortion as well. Because they have the fewest number of atoms which can still generate a Jahn-Teller effect, the homonuclear alkali and coinage metal trimers offer one of the simplest examples of this effect.
production of the triatomic molecules CuzAg, Cu,Au, and CuAgAu. Ultimately, an extension channel 6 mm in length, tapering from a 5 mm initial inside diameter down to a 1.5 mm exit orifice was chosen. The small exit orifice also promoted excellent supersonic cooling, so that low rotational temperatures and narrow vibronic bands were obtained.
Two metal targets were prepared by melting the weighed metals in an electric arc. One consisted of an equimolar alloy of copper and silver, while the second consisted of an equimolar alloy of copper, silver, and gold. After allowing the molten metal mixtures to solidify and cool, the light yellow alloys were pressed flat and polished to give diskshaped samples approximately 2 mm in thickness and 2.5 cm in diameter. These were then suitable for pulsed laser vaporization using a rotating disk mount similar to that described by O'Brien et a1.64 In a previous series of papers, we have reported the results of spectroscopic investigations of the coinage metal diatomics Cu2,59 CuAg," CUAU,~~*~' AgAu, and AuZ,62p63 and we have reported spectroscopic 'results on Cu, as we11.52,55 In this paper, we extend these studies to the mixed triatomic systems Cu, Ag, Cu, Au, and CuAgAu. Although it is impossible for these heteronuclear species to achieve a D,, geometry, the analogy between the chemical bonding of these molecules and that of the homonuclear trimers suggests that conical intersections should be present in these species as well. Thus, e.g., the ground states of Cu, Ag and CuZ Au should possess C,, symmetry and should either belong to the 2-4, or 2B, symmetry species. Just as these states become degenerate at the equilateral ( D3h ) geometry in homonuclear molecules such as Li, , Na, , and Cu, , these two states should also become degenerate at some geometry for molecules, such as CuZ Ag and Cu, Au. The possibility of obtaining evidence of such conical intersections provided part of the motivation for the present investigation.
In Sec. II, we present a brief overview of the experimental methods employed in this investigation. Section III provides the results, which are discussed further in Sec. IV. A summary of our most important findings is then given in Sec. V.
Following expansion into vacuum, the supersonically cooled molecular beam passed through a 5 mm skimmer and entered the ionization region of a reflectron time-of-Sight mass spectrometer. There the metal clusters were probed using a Nd:YAG pumped tunable dye laser ( 5-l 5 mJ/cm') for excitation and a fixed frequency excimer laser (either MrF at 5.00 eV, or ArF at 6.42 eV) for photoionization of the excited molecules. The ions produced in this resonant twophoton ionization process were then mass analyzed in a time-of-flight mass spectrometer, allowing spectra to be gathered independently for each isotopic modification of the molecule. The ion signal was amplified, digitized, and signal averaged, with the entire experimental cycle repeating at a rate of 10 Hz. Optical spectra of the species of interest were obtained by monitoring the ion intensity of a particular mass peak as a function of scanning dye laser wavelength. Rotationally resolved studies were not possible using the present Nd:YAG-pumped pulsed dye laser system, but will be possible in the near future in this laboratory using a commercial cw ring dye laser system.
II. EXPERIMENTAL
The experimental methods employed in this investigation combine four separate techniques: laser vaporization of metal alloys; supersonic expansion in an inert carrier gas; resonant two-photon ionization spectroscopy; and time-offlight mass spectrometry. The metal cluster beam was formed by focusing the second harmonic of a Q-switched Nd:YAG laser (532 nm, 15-20 mJi'mm') onto a metal target surface in the throat of a pulsed supersonic expansion of helium. The ejected atoms were then entrained in a pulsed flow of helium ( 120 psi), which carried them through a channel 2 mm in diameter and 2 cm in length. Experiments were then performed with various extension channels, which were added to lengthen this channel prior to the final supersonic expansion into vacuum, in the hope of improving the For the CuAgAu molecule, one band was examined under high resolution (0.03 cm -' ) in order to establish an accurate calibration of the dye laser. This was accomplished by narrowing the output of the dye laser by the insertion of an air-spaced intracavity-etalon, which was then pressure scanned with SF, while an absorption spectrum of gaseous I, was recorded simultaneously. The I, atlas of Gerstenkorn and Lucb5 was then used to provide an absolute frequency calibration for this band. As a result, all of the band positions reported for CuAgAu are probably correct to within 1 cm -'. Corresponding corrections were applied to the frequencies of the Cu,Ag and Cu, Au band positions, but these may be in error by a slightly greater amount. For Cu, Au, this error is not likely to exceed 5 cm I, but the spectrum of Cu, Ag falls in a very different spectral range and errors for this species may be as much as 10 cm -*.
Measurements of excited state lifetimes were performed by recording the ion signal as a function of the delay time between the firing of the excitation laser and the photoionization laser. The resulting decay curves were fitted to an exponential decay function by a nonlinear least-squares algorithm,66 allowing the upper state lifetimes to be extracted. 
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'13400 13600 13800 14000 14200 8707 "G. 1. Low resolution scan of the A + P band system of Cu, Ag, recorded using LDS 750 and 75 1 dye laser radiation in combination with KrF extimer radiation for photoionization. A near coincidence of the vibrational frequencies of mode 2 (of a, symmetry in Czv) and mode 3 (of b2 symmetry in C,, ) causes higher vibrational levels of the A" state to appear to be split into multiplets. This is further exacerbated because two quanta of mode 1 (of a, symmetry in C,, ) nearly match the energy of three quanta of either mode 2 or 3.
Frequency (cm-') ( 'Wu, Ag'O') . Following each observed isotope shift, the residual vO& -veals is given for the fit of that isotopic modification to the formula given'in footnote a. The resulting values of the vibrational constants are given in Table II , along with their lcerror limits. d Assignments for the 63Cu, "'Ag and 63Cu65Cu'o'Ag species are complicated by the fact that both species fall in the same mass peak, contributing49.0% and 51.0%, respectively, to the intensity of this feature. The reported assignments for these species should be viewed with caution. A similar problem exists for 03Cub5Cu'09Ag and p%u, '"' Ag, but the latter species only contributes 19.4% to the intensity of the mass peak, so the reported assignment is much more definite for 63Cu65Cu'09Ag. 'Lifetimes of the 010 and 020 levels of the 2 state were measured by exciting the 2: and 2: bands using the time-delayed resonant two-photon ionization method. The resulting values, along with their lcerror limits, are ~(010) = 34.9 ilZ.3 ps, ~(020) = 27.2 f 12.6 ps.
III. RESULTS
A. The J+fsystem of Cu,Ag eV. This system was not observed using ArF excimer radiation for photoionization, further restricting the range of ionization potential to 5.00 < I.P. (Cu,Ag) < 6.42 eV. Figure 1 displays the low resolution ( ~0.5 cm-') resoThe spectrum shown in Fig. 1 for the isotopically pure nant two-photon ionization spectrum of 63Cu, lo7Ag in the species Wu, ro7Ag is somewhat simpler than that obtained energy region from 13 150 to 14 300 cm -I, recorded using for the mass 235 and 237 species, which are mixtures of two LDS 750 and 751 dye laser radiation in combination with isotopomers. The spectrum is quite clean at the low frequenKrF excimer radiation (248 nm, 5.00 eV) for photoionizacy end, where the origin band is evident, followed by a strong tion. Although we have scanned from the near infrared to feature labeled as the 2: band and a weaker feature labeled as the near ultraviolet, this is the only band system found for Cu?Ag. Accordingly, it is labeled as the 2~3 system. Vithe 1; band. In this labeling scheme, the large number refers to the vibrational mode under consideration, the subscript bronic band positions for the 63CuZ lo7Ag (mass 233 ) isotogives the number of vibrational quanta of excitation in this pic modification are listed in Table I , along with isotope mode in the lower state and the superscript gives the number shifts for the mass 235 (51.0% 63Cu65Cu'07Ag and 49.0% of vibrational quanta excited in the upper state. At higher h3CUz lo9Ag), mass 237 (80.6% 63Cu65Cu109Ag and 19.4% frequencies, however, the spectrum becomes progressively 'j'Cu, '07Ag), and mass 239 ( 6'Cu2 logAg) features. Excited more complicated, with the band labeled as 2; appearing to state lifetimes ,are also given for the two excited state vibrational levels where this measurement was performed. The 2 be doubled, the 2: band seemingly tripled, and the 2; band apparently split into four features. Such a pattern might be state shows a very long fluorescence lifetime (~~30 pus), expected in a homonuclear trimer, where the doubly degenwhich corresponds to an absorption oscillator strength of erate e' bending mode may be excited with n quanta to give a f~O.0003 assuming that the decay is entirely due to Auoressingle A ; level for n = 0, a doubly degenerate E' level for cence to the ground electronic state. In addition, the obsern = 1, an A ; level and a doubly degenerate E' level for vation of the origin band at 13 188 cm -' using a KrF exn==&anA;,anA;, and a doubly degenerate E' level for timer laser for photoionization places the ionization n = 3, etc. This would lead to n distinct vibrational levels potential of Cu,Ag in the range 5.00 < I.P. (Cu,Ag) < 6.64
when the bending mode is excited with n quanta (for n > 0), just as found in Fig. 1 . Of course, it would be surprising to observe all of these levels, since three different vibrational symmetries are represented among these levels (A I, A ;, and E ') and selection rules would in most cases prohibit the observation of all of them. Any explanation based on such effects would seem to be out of the question for Cu, Ag, however, since this heteronuclear molecule cannot possibly have a doubly degenerate bending mode, since it belongs to the nondegenerate, C,, point group. In C,,, the Cu,Ag molecule will have two vibrational modes of a, symmetry and one mode of b, symmetry. In an electronically allowed transition, excitations from the ground vibrational level of the ystate will only be possible if they terminate on vibrational levels of A, symmetry in the A state. Thus, if we designate the two a, modes as modes 1 and 2, and the b, mode as mode 3, the only vibrational transitions which should be observed which originate from the zero-point level of the ground state are the 1; 2/o 3ik bands. Furthermore, if we use the homonuclear trimers as a model, one would expect a relatively high frequency breathing mode (of a, symmetry) and two nearly degenerate bending modes (of a, and b, symmetries) ; Labeling the breathing mode as mode 1, the a, bending mode (mode 2) and the b, bending mode (mode 3) should be nearly degenerate in frequency. One would then expect the 3: and 2: bands to be close in frequency. Accordingly, the weaker feature near the intense 2: band is assigned as the 3; band. A similar near degeneracy would be expected for the 2: and 2: 3; bands, the 2:) 2: 3:) and 3: bands, etc. This assignment would explain some aspects of the clumps of features, since the 2: band would appear to be doubled (with the 3; band located nearby), the 2: band would also seem doubled (with the 2: 3; band nearby), and the 2: band would be apparently tripled (with both the 2: 32, and 3: bands nearby). Although this is a good beginning for an assignment, it is not sufficient because these bands appear doubled, tripled, and quadrupled instead of doubled, doubled, and tripled, respectively.
At this point, we may note that a double excitation of the totally symmetric breathing mode (mode 1) will have an energy of 2~~ _ -502 cm-', which is a close match to the energy of three quanta of either mode 2 or mode 3 (3~~ zz 526 cm -' ) . Thus, the 2; band appears tripled because of a near degeneracy with the 2:3; and 1; bands. Likewise, the 2: band appears quadrupled because of a near degeneracy with the 2; 3;) 3:) and 1; 2: bands. In the range of 14 025-14 050, an even more complex structure appears to consist of five bands, resulting from the near degeneracy of the 22, 2: 3:, 2: 3:, 1;2;, and 1:3: bands. Since the upper states of these features are nearly of the same energy and have the same total vibrational symmetry, they are very likely mixed by anharmonic interactions, allowing intensity to be shared between them. Such anharmonic mixing effects are common in polyatomic molecules where vibrational levels of the same symmetry have similar energies, as was first discovered by Fermi in his investigation of the mixing of the 10'0 and 02'0 vibrational levels of CO, .67 Extending the logic of the assignment presented above, it is possible to identify all of the predicted upper state vibrational levels of A, symmetry within 1000 cm -* of the 0: band except for the 1: and the 1: 2; bands. These are predicted using the constants of the least-squares fit to lie within the clumps of bands near 13 950 and 14 120 cm -', respectively. The fitted vibrational constants are given in Table II ; measured band positions and residuals are given in Table I . The weaker features in Fig. 1 , which have not been labeled for clarity, are assigned as hot bands arising from excited vibrational levels of the zground state. These are thought to arise from a ground state molecule with one quantum of excitation in its antisymmetric bending mode Ye, which is of b, symmetry. These transitions terminate on the same set of "All constants are reported in wave numbers (cm -'), followed by the 1~ error limits in parentheses, given in units of 0.01 cm-'. These constants were obtained by a least-squares fit of the data of Table I to Table I , data for '%u, '09Ag and 63Cu"SCu'07Ag were obtained from the same mass peak and there is an associated ambiguity as to what features correspond to which species. As a result, the fitted constants should be viewed with caution. excited state levels as do the cold bands, except with one additional quantum of excitation in the b, mode (mode 3). Accordingly, a weak set of features which mimic the strong features are found in the spectrum, displaced some 29 cm -' to the red because of a decrease in the frequency of mode 3 by this amount upon electronic excitation of the molecule. These hot bands are reported in Table 'I, and have Although we have been successful in accounting for all of the features in this complicated spectrum, it should be emphasized that it is not always clear which features in the clumps of bands belong to which normal mode assignments. The assignment given is very likely not unique. Indeed, each of the vibrational levels of the 2 upper state lying within a given clump is probably a mix of several normal mode descriptions, due to anharmonic couplings which may strongly mix nearly degenerate levels of the same symmetry species. If this is true, the entire basis-for the description of the energy levels in terms of good quantum numbers (u, , v2 , and uj ), fundamental frequencies (wi ) , and anharmonicities (x0 ) is approximate at best. Thus our constants, particularly the anharmonicities (xii ), should be viewed as empirical parameters which reproduce the spectrum, but do not necessarily imply the validity of the normal mode description. Within each clump of vibrational levels, a complicated mixing ofthe normal mode basis wave functions must almost certainly be occurring.
The kfsystem of Cu, Au
The entire range of visible and near infrared dyes was scanned in the search for spectra of CuZAu, but again only one band system was found. This is labeled as the I+% sys-63C~2'g7A~ Vibronic Spectrum tern and is displayed in Fig. 2 . The apparent origin band is located at 5862 A, which is close to the region where Ruamps reports banded spectra assigned to a polyatomic Cu, Au molecule in a high temperature King furnace investigation.68 This spectrum was obtained using rhodamine 590 and 610 dye laser radiation in conjunction with KrF radiation (248 nm, 5.00 eV> to provide the second, ionizing photon. Accordingly, the ionization potential of Cu, Au may be placed above the KrF energy of 5.00 eV and below the sum of this energy and the energy of the origin band, which is 7.13 eV. Unlike the spectra of Cu? Ag described above and CuAgAu given below, only seven bands are observed, with the entire spectrum falling within a 500 cm ~-' region. The observed band frequencies are given in Table III along with measured excited state lifetimes, which for the 000 and 010 vibrational levels average to giver = 799 & 90 ns. Assuming that these levels decay entirely by fluorescence to the ground electronic state, this corresponds to an absorption oscillator strength offzO.006.
Three of the observed bands are intense and arise clearly from the zero-point level of the 2 ground state of Cu,Au, while the four remaining bands are much weaker and originate from vibrationally excited levels of the 2 ground state. The origin band is assigned clearly at 17 217.5 1 cm -', but the two remaining cold bands fail to form a vibrational progression and must be assigned to excitations of two different vibrational modes of the 2 state. In analogy to the results for Cu, Ag, these are thought to correspond to excitations of the two totally symmetric modes with one quantum of excitation and are labeled as the 2; and 1: bands, in order of increasing transition frequency. T_he higher frequency totally symmetric mode of the excited A state again probably corresponds to a breathing motion of the molecule and is similar in frequency to that found for Cu, Ag (253 cm -' for Cu, Au vs 25 1 cm-' for Cu,Ag). The other totally symmetric mode is probably best described as a bending motion and is somewhat lower in frequency for Cu, Au than for Cu,Ag ( 149 cm -r for "3Cu, rv7Au vs 175 cm-' for 63Cu, r"Ag).
The remaining bands are all very weak and must originate from vibrationally excited Cu, Au molecules in the groundzstate. Three of these bands mimic the three intense bands, but are shifted 159.73 cm -' to the red. Accordingly, a totally symmetric vibrational level of the groundxstate of Cu,Au must lie 159.73 cm-' above the zero-point level. Presumably this value corresponds to the lowest frequency vibration of a1 symmetry, which is probably best described as a bending mode (although some stretching character is undoubtedly present in this normal coordinate).
The remaining hot band lies at 17 280.1 cm -' and must originate from a different vibrational level of the ground state. If this band originated from a totally symmetric (A, > vibrational level of the ground state, transitions to all of the totally symmetric levels of the upper state would be expected and the three cold bands should be again mimicked at reduced intensity. A careful search of the baseline shows no evidence for this and an alternative explanation must be sought. Apart from the totally symmetric A, vibrational levels, the only other symmetry species available for a vibrational level of a C,, molecule is B, . The lowest energy vibra- "The observed levels may be analyzed through the formula V= G + C V;U; -2 v~v;, for v;,v; = 0,1. i i
The resulting constants are given in Table IV . 'Isotope shifts arc defined as v (isotopic modification) -Y(%I, 19'Au). 'Lifetimes were measured by the time-delayed resonant two-photon ionization method. The quoted errors represent the lo error limit obtained from a nonlinear least-squares fit of the exponential decay curves.
tional level of this type corresponds to a single excitation of the antisymmetric b, vibration, which in the 2 state of Cu, Ag has a frequency of approximately 172 cm -'. Assuming a similar frequency in the ground state of Cu, Au, this is low enough that it could still be populated in a jet-cooled molecular beam. Moreover, if the weak band at 17 280.1 cm-' originated from the lowest level of B, vibrational symmetry and the transition were still induced by the same component of the electronic transition dipole moment as the other bands, then it would have to terminate on a vibrational level of Bz symmetry in the upper state as well. With this in mind, it seems likely that this last weak band is the 3 i band, which is offset from the origin band by 62.59 cm-' r because the b2 mode increases in frequency by 62.59 cm-' upon electronic excitation in the A +$? system of C&Au. The vibrational constants of all of the isotopic forms of Cu, Au obtained from this analysis are given in Table IV . Finally, we must ask why the 0:) 2:) and 1; bands show up with no hint of diminishing intensity in this molecule, but no higher frequency bands can be found. Even including the hot bands which have been observed, only four vibrational levels of the upper 2 electronic state have been located. These are the 000, 100,010, and 001 levels, as labeled by the number of vibrational quanta excited in modes 1, 2, and 3, respectively. A possible answer to this dilemma is provided in Table III , which lists the excited state lifetimes for the observed bands. The 000 and 010 vibrational states of the 2 state show lifetimes of 744 f 134 and 844 & 121 ns, respectively, but this is decreased in the higher energy 100 level. to 33 1 f 342 ns. It is quite possible that higher vibrational i&-els of the 2 state may be predissociated and this predissociation is beginning to shorten the lifetime of the 100 vibrational level. If the predissociation rate were to increase very strongly with further vibrational excitation in the molecule, this could certainly explain the limited number of excited vibrational levels observed. Moreover, it would seem that excitation of the antisymmetric b, mode (mode 3) makes the predissociation process occur more rapidly, since only the lowest energy B, level of the 2 state has been observed. The onset-of predissociation in the 100 vibrational level of the 2 state then places the dissociation limit of Cu, Au at Di(CuAu-Cu) ~2.17 eV. band system of CuAgAu, recorded using thodamine 590, fluorescein 548, coumarin 54OA. and coumarin 500 dye laser radiation in combination with KtF excimer laser radiation for photoionization. In this molecule, which belongs to the C, point group, all three normal modes belong to the d irreducible teptesentation, and therefore all vibrational levels are also ofA ' symmetry. As a result, all vibrational levels of the excited A" state may be accessed in the transition, resulting in the increasing complexity of the observed spectrum as it is scanned to the blue, where the density of vibrational levels in the 1 state increases substantially.
C. The A+-fsystem of CuAgAu
In contrast to. the other triatomics investigated in the present work, CuAgAu belongs to the C',, rather than the C,, point group. As a result, all three of its normal modes of vibration belong to the totally symmetric representation a' and all three are potentially active in an electronic transition. The results of this vibrational activity are shown in Fig. 3 , which presents the low resolution spectrum of 63Cu*07Ag'g7Au from 17 400 to 19 200 cm -'. This was recorded using rhodamine 590, fluorescein 548, coumarin 540A, and coumarin 500 laser dyes in combination with RrF excimer laser radiation (248 nm, 5.00 eV> for photoionization. Since this is the only spectrum of CuAgAu observed in our scans, we assign it as the 2 +-z system. The observed vibronic bands along with measured excited state lifetimes are given in Table V. Assuming that the upper state decays solely by fluorescence to the ground state, the measured lifetimes of 585 + 170 and 693 + 91 ns correspond to an absorption oscillator strength offz0.008.
As in the cases of Cu, Ag and Cu, Au, the observation of the 2 LB band system with KrF radiation as the second, photoionizing photon and the inability to observe this system using ArF photoionizing radiation may be used to place restrictions on the ionization potential of the molecule, giving 5.00 <I.P. (CuAgAu) < 6.42 eV.
once it is recognized that all three normal modes are active. As a result there are no selection rules making some vibrational levels of the upper-2 state unobservable. The first peak to the blue of the origin band lies about 13 1 cm -' above it in energy. Other peaks lie 261, 391, 522, 651, and 780 cm-' above the origin, giving intervals between peaks of 130, 130, 13 1,129, and 129 cm-I. Although the last two of these transitions fall in a congested region where other explanations for their occurrence could certainly be found, it seems clear that a vibrational progression in one of the normal modes has been found. Sinc_e this is apparently the lowest frequency mode of the upper A state, it is designated as Ye-, and these bands are labeled as the 3:) 3;) 3:) 3$,3:, and 3): bands. The origin band is of course labeled as 0:.
Between the 3: and 3: bands, two other intense features are located These must represent the fundamentals of the remaining two vibrational modes. Accordingly, the bands are labeled as the 2: and 1; bands, lying about 169 and 235 cm-' above the origin band, respectively. Progressions are again found involving mode 2, with the 2; and 2: bands lying 337 and 505 cm -' above the origin band, respectively, giving identical vibrational intervals of 168 cm -I. Mode 1 also forms progressions with the 1; and 1; bands lying 468 and 698 cm-' above the origin band, respectively, giving vibrational intervals of 233 and 230 cm -'. At the red end of the spectrum, an isolated band is found, and as one moves toward the blue, the spectrum becomes more and more congested. Despite this complexity, however, the spectrum is fairly straightforward to assign Even with progressions in each of the three normal modes, however, it remains impossible to explain all of the features in the spectrum. Nevertheless, all of the strong features in the spectrum may be understood if combinations of , o; , o;, o;, x;, , x;,, x;,, x;,, x;~, x;,, and v;', ti; , and vy are given in Table VI , along with their la error limits. "Following each observed frequency, the residual voba -v-k is given in units of 0.01 cm -' in parentheses. 'Isotope shifts are given as Y(isotope modification) -v(63Cu '"7Ag'Y'Au) . Following each observed isotope shift, the residual v,,, -Y~.,~ is given for the fit of that isotopic modification to the formula given in footnote a. The resulting values of the vibrational constants are given in Table VI , along with their lo error limits. dAssignments for the b3Cu'09Ag'97Au and 6sCu'07Ag'97Au species are complicated by the fact that both species fall at mass 369, contributing 67.5% and 32.5% to the intensity of this mass peak, respectively. Accordingly, some of the reported assignments may be in error, particularly for the less abundant species 65Cu'07Ag197Au. 'Time-delayed resonant two-photon ionization measurements of the lifetimes of the 014 and 001 levels of6'Cu'"'Ag"'Au give 7 = 585 & 170 and 693 f 91 ns, respectively ( lo error limits).
all three vibrational excitations in the excited 2 state are considered. In this way, the strong feature near 17 770 cm -r may be assigned uniquely as the 2;3: band, for example. Likewise, features near 17 834, 17 873, and 17 899 cm-' may be assigned uniquely to the 1; 3:) 1: 2;, and 2: 3; bands, respectively. By continuing with this sort of analysis and using vibrational constants determined by a fit of the assigned bands to predict positions for the as yet unassigned bands, it is possible to obtain a fairly complete vibrational analysis of the band system shown in Fig. 3 . This is presented in Table V , where 75 bands originating from the zero-point level of the ground zstateare assigned and fitted to extract the constants To, wi, and xii for 63Cu'07Ag197Au.
Finally, a few weak features still remain unexplained. These include two bands to the red of the 0: band, five very weak, but reproducible features between the 0: and 3; bands, and two fairly obvious features between the 3: and 2: bands. These are hot bands, arising from molecules which "All constants are reported in wave numbers (cm -'), followed by the laerror limits in parentheses, given according to the number of digits quoted for the parameter. These constants were obtaiiied by a least-sqdties fit of the data of Table V Table V , data for 6sCu'09Ag'9'Au and asCu'07Ag'97Au were obtained from the same mass peak and there is an associated ambiguity as to what features beIong to which species. As a result, the fitted constants should be viewed with caution, particularly for the less abundant ssCu'07Ag'97Au isotopic modification.
have not been cooled to the vibrational ground state in tile supersonic expansion. A careful search of the baseline turns up 17 weak features, which may be ascribed to transitions from three vibrationally excited levels of the ground state. These are also listed in Table V In the description of the electronic configurations of these states, the la, orbital is taken as a bonding molecular orbital compo@ of 4s orbitals on the copper atoms and a 5s orbital on $he s&r $om without any nodes. The 2a, and 1 b, orbitals are similarly composed of 4s,, and SS,, atomic orbitals, but poss&s one nodal plane bisecting the Cu-Ag bonds or Cu-bg-cu =-I b;bnd angle, respectively. The d lo CU, A d ~, !&d~g, ", ih:2a:, ZA, andd~, , dro, , dhOla:lba, ' B, states differ according to whether the third s electron of the molecule god into the 2a, orbital, which has bonding character. between the two copper atoms and antibonding character between the copper and silver atoms, or into the lb, orbital, which is antibonding between the two copper atoms and nonbon@ng between the copper and Silver atoms.
IV. DISCUSSION
A. The A+Xsystem of ClJ,Ag
The observed 2 +x band system of Cu, Ag lies quite far to the red, with its 0: origin band at 13 188 cm I I. Moreover, the band system possesses a very. small intensity, with a fluorescence lifetime of r~30 ,us, corresponding to an absorption oscillator strength offz0.0003I
These pieces of information are very helpful in considering the possible assignments of the 1 excited electronic state. The ground electronic state of Cu,Ag derives from the 'interaction of ground state atoms, giving a ground electronic state of either d~s,d~u,,dh0,1a:2at, "A, ordpU,,d&,BdaO,la?lb$, 2B,. ._ in the 5s orbital of the silver atom." This would be consistent with the d &!&d !-&d Fg la: lb i, 'B, state, in which the unpapd,$ectron occupies a b, orbital, which has a node on the sj!ver atom and large amplitude on the two equivalent copper atoms. Of course, perdeuterobenzene may not be an inert matrix material and the energetics of these two states may be perturbed or even reversed by matrix interactions. Regardless of wlitch is truly the ground state, it seems certain on the basis of the calculated energies69*7o that the 1 excited electronic stat& observed in the present study cannot correspond to either of these states.
forv; '=O,l. The remaining candidates for the 2 state either rearrange the s electron framework by 2a,;+ la, or lb, + la, -promotions, or promote a d electron to the partially filled s electron orbitals. States which arise from rearrangements of the s electrons can still correlate to the ground state separated atom limit, while the s c d promotions must correlate to an excited separated atom limit in which either the copper or the silver atom has been promoted to the d's", '0 term. The lowest '0 terms ( 'Ds12 ) in copper and silver lie 11 202.565 and 30 242.26 cm -' above ground state atoms, respectively.72 For silver, the Sp t 5s excitation lies at slightly lower energy (29 552.05 cm-1),72 but neither the 5p c 5s nor the 4d+5s excitation in silver lie low enough in energy-to account for the 2 +-2 transition in-Cu, Ag at 13 188 cm-'. Therefore, we must consider the 2 state of Cu, Ag as deriving from either a 4s+3d excitation on copper or from a 2a, t la, or lb,+ la, excitation of the s electron .frame---work. The 4s~ 3d excitation in atomic copper (at 11 202.565 cm-') (Ref. 72) is moved to higher energy (about 20 500 cm -* ) (Ref. 73) in Cu, , since the electron must be excited into an antibonding u z orbital. For this reason, the 'Z,+ + '22-.s electron rearrangement (g z +-a* ) requires less energy in Cu, than do Q : + 3d excitations. In triatomic metals such as Cu, Ag, the 4s t 3d excitation probably still occurs at a somewhat higher energy than the free atom value of 11 202 cm -' (although not as high as-20 500 cm-', as found in Cu, ), since the incompletely filled 2a, and lb, orbitals are still somewhat antibonding in character.
Cu, Ag is assigned tentatively as one of the states arising from a d &,d g gd a\ la: 2ai lb : (S = 3/2) configuration, Although this state also has two electrons occupymg'the mildly antibonding 2a, and 1 b, orbitals, just-as does the d&\,0,.di\,,dh\laf2ai lb :, 'B, state dismissed above, it nev&thelkss should be bound because two electrons occupy the bonding la, orbital as well.
Although we would like to contribute to a resolution of the controversy over whether the ground state of Cu, Ag is of 2A1 or"B, symmetry, our experimental results are rather insensitive to this point. Collection of a rotationally resolved spectrum, followed by its analysis, would provide a definitive answer to this question, but this is beyond our present experimental capabilities. Essentially the only piece of information that we have established about the yground state is that it possesses a b, vibrational mode with a frequency of 201. cm -'. Unfortunately, the antisymmetric bending frequency has not been calculated by,ab initio theory, so there is no basis in the present investigation for assigning either the 'A; or the 2B2 state as the ground state.
There are problems associated with the assignment of the transition to the 2a, + la, or lb, t la, excitations of the s electron framework, however. First, both of these excitations are allowed under electric dipole selection rules,.and in either case, the transition dipole moment should be quite large, since there is good overlap betweenthe atomic's orbitals. This is not consistent' with the long lifetime and small oscillator strength of the observed 1 +z transition. Accordingly, if the transition is assigned as a rearrangement'bf thes electrons, we must conclude that it is a spin-forbidden transition which gains intensity through spin-orbit contamination 1-. -of one of the states (presumably the;P excited&ate); There-_--fore, assuming a rearrangement of the s electrons in the transition, the upper state must be primarily quartet (S = 3/2) in character. If this is so, it must have the electronic configuration of d &\,Ad L!,Bd h", la{ 2ai lb :,"4B,. However, this state places two of its threes electrons in mildly antibonding orbitals and it would in all likelihood~be~rkpulsive. This would not seem to be consistent with the observation of vibrational levels up to 934 cm-' above the zero$&& level in Cu, Ag.
As a result, we believe that the upper state of this system derives from a 4s t 3d promotion on one of the copber atoms. Nevertheless, the long lifetime of the state probably identifies it as primarily quartet (S = 3/2) 'in character.:In the excited state, there will thenbe four s-type electrons and one d hole. The four s-type electrons could be distributed among thes-basedorbitalsas la:2a:, la: lb $, or laf2ai lb l. However, only the last of these can be coupled with th_e sing!{-d hole to give a quartet state. Accordingly, the A state of -. : j B. The ,&+%system of Cu,Au
The2 +xband system of Cu, Au lies further to the blue than that found for Cu, Ag, where it can be accessed more easily. Nevertheless, it remains difficult to extract much information about the nature of the excited and ground electronic states from the compact spectrum which has been observed. The shorter lifetime observed for this system is consistent with a spin-allowed transition, which would make the upper state a doublet (S = l/2). However, it is not as intense as might be expected for the spin-allowed rearrangements ofs electron_s, which were discussed for Cu2,Ag above. Accordingly, the A ~2 transition of Cu, &is assigned as an s t d.transition involving the promotionof either a copper 3d or a gold 5d electron to one of thes-basedza, or lb, orbitals. In this case, the d 9sZ, 2Dsj2 states of both copper and gold are energetically accessible, since they lie 11 202.565 and 9 i 61.3 cm -' above ground state atoms, respectively.72
The ground state of Cu, Au has been calculated to be the d d it,.4 ,f&d ru la: 2ai, 'A1 state deriving from ground state atoms, with the d pkA d gu,Bd 2" la: 1 b !, , 'B2 state lying some 4000 cm -' higher in energy.@ Moreover,. the 2,4, .state is calculated to have an a, bending mode frequency of 163 cm-' , which compares to a calculated value for the 2B2 state of only 116 cm-1.69 Our measured hot band frequency of 159.73 cm -' is in very close agreement to the,value calculated for the 'A, state, lending support to this assignment of the ground state.
C. The K+%system of CuAgAu l.. The triply mixed triatomic CuAgAu provides a' unique case, in that all three vibrational modes are of a' symmetry in the C, point group'and all three have been observed in both the ground and excited states. What is perhaps most surprising is that all three modes increhse in frequency upon electronic excitation from 103.90 to 131.52, 153.27 to 169.45, and 222.83 to 235.97 cm *. This is unusual considering that an additional electron is being placed in one of the antibonding, s-based orbitals upon electronic excitation. Such effects have been observed in the g * t d excitations of CuAu (Ref. 61) and Au?,63 however, where it was argued that the d orbitals of these systems are split into bonding and antibonding pairs. Accordingly, excitation of a strongly-antibonding d electron into a weakly antibonding (T * orbital could lead to an increase in vibrational frequency. Presumably similar effects could take place in the CuAgAu molecule, making the excited state somewhat more strongly bound than the ground state, at least as judged by its vibrational frequencies. With this in mind, the A state of CuAgAu is assigned as arising from the promotion of either a copper or a gold d electron to one of the unoccupied or partially occupied sbased orbitals, which are all of a' symmetry.
In the case of CuAgAu, we need not consider whether the ground state is of 'A, or 2B2 symmetry, since both of these CzU irreducible representations go into 2A ' when the symmetry is degraded to Cs. As a result, there can be no doubt-the ground state of CuAgAu is P "A '. Lurking behind this very definite conclusion, however, stands another question: how high in energy is the other low-lying state of 'A ' symmetry and where do the conical intersections connecting these two "A ' surfaces lie? The extensive pattern of vibrational levels observed in the1 +-? 'A ' spectrum of Fig.  3 suggests that a stimulated emission pumping experiment on this molecule should be able to access high vibrational levels of the ground state, and it seems likely that vibrational anomalies associated with this conical intersection may be revealed through such a study. In addition, the A+x2A ' system of CuAgAu falls in a very convenient spectral region and the intensity of the system suggests that rotationally resolved spectra of the molecule might be obtainable. This would be very exciting, since only a few metal trimers have been investigated with rotational resolution and very little is known about the accuracy of ab initio theory in predicting the structures of these species.
V. SUMMARY
Resonant two-photon ionization spectroscopy has been applied to the jet-cooled mixed coinage metal trimers Cu, Ag, Cu, Au, arrd CuAgAu. One electronic band system, designated as the A +x system, has been observed for each species. With the exception of Cul Au, the spectra display a great deal of vibrational structure (47 assigned bands in Cu, Ag and 92 assigned bands in CuAgAu) , which has been analyzed to give information about the 2 ground and 2 excited state vibrational constants. In the case of Cu2Au, it is thought that predissociation in the 2 excited electronic state limits the number of vibrational bands which are observed. For all three molecules, it is argued that the excitation removes an electron from a filled 3d lo subshell of copper (or 5d lo subshell of gold) and places it in a weakly antibonding s-type orbital (of ai or b, symmetry in Cu, Ag and Cu, Au; a' symmetry in CuAgAu). In CuAgAu, this excitation increases all three vibrational frequencies, suggesting that the d orbitals in this molecule are split into bonding and antiBishea et&: Spectroscopy of Cu,Ag, Cu,Au, and CuAgAu 8777 bonding orbitals and that an antibonding d electron has been excited to a weakly antibondings-type orbital in the process.
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